Stripping voltammetry is a very sensitive method for the determination of many traces of metal ions and organic compounds. It achieves such fine levels of detection by combining an accumulation process with a voltage scanning measurement. 1,2 The universal working electrodes for stripping analysis are hanging mercury drop electrodes (HMDE) and electrochemically generated mercury film electrodes (MFE). 3 Recently, because of mercury toxic effects, there has been a growing interest in the use of chemically modified electrodes (CME) for trace metal stripping analysis. With this process, accumulation usually occurs by reactions between an analyte and an immobilized modifier at the electrode surface. [1] [2] [3] [4] [5] Electrically conducting polymers (ECPs), such as polypyrrole (PPy), can be used for the immobilization of complexing reagents for trace metal complexation/accumulation with voltammetric detection of the complexed metal.
Introduction
Stripping voltammetry is a very sensitive method for the determination of many traces of metal ions and organic compounds. It achieves such fine levels of detection by combining an accumulation process with a voltage scanning measurement. 1, 2 The universal working electrodes for stripping analysis are hanging mercury drop electrodes (HMDE) and electrochemically generated mercury film electrodes (MFE). 3 Recently, because of mercury toxic effects, there has been a growing interest in the use of chemically modified electrodes (CME) for trace metal stripping analysis. With this process, accumulation usually occurs by reactions between an analyte and an immobilized modifier at the electrode surface. [1] [2] [3] [4] [5] Electrically conducting polymers (ECPs), such as polypyrrole (PPy), can be used for the immobilization of complexing reagents for trace metal complexation/accumulation with voltammetric detection of the complexed metal. 6, 7 Numerous anionic ligands have been incorporated into a PPy matrix as functional dopants for the stripping analysis of metal ions. 8 The preparation of these functional PPy films is very simple, controllable and reproducible by electrochemical oxidizing pyrrole monomers in the presence of the target anionic reagents. 9 However, a major limitation lies in the high background currents typically encountered with modified PPy films. These currents mask the relatively smaller metal-chelate binding, thereby making metal detection difficult. 10 One solution of this problem is to overoxidize PPy via the application of a high anodic potential in high-pH medias. [11] [12] [13] In the following section we present the ability of overoxidized polypyrrole (OPPy) film doped with an anionic complexing ligand, 4,5-dihydroxy-3-(p-sulfophenylazo)-2,7-naphthalene disulfonic acid (SPADNS, Fig. 1 ), to preconcentrate Cu(II) ions. SPADNS is an anion, and can thus be incorporated into a growing polycationic PPy film, and can also preconcentrate copper ions at an electrode surface by complexation.
Experimental

Chemicals
Pyrrole (Fluka) was distilled under reduced pressure before use. SPADNS three sodium salt (Aldrich) was used as received. Other reagents were purchased from Merck and were of analytical grade. All aqueous solutions were prepared with double-distillated water.
Apparatus
Electrochemical measurements were made with a Metrohm multipurpose instrument Model 757. Working electrodes were 3 mm diameter platinum disks constructed in-house. The counter electrode was a platinum wire and the reference electrode was Ag/AgCl, both from Metrohm. A Metrohm pH meter, Model 710, was used for pH measurements.
the potential between 0 and 1.2 V at 50 mV s -1 for two cycles.
Voltammetric measurements of Cu 2+
For accumulation, an OPPy/SPADNS modified electrode was immersed in a 0.3 M ammonia buffer (pH 8) containing Cu 2+ , and stirred for 15 min; the electrode was then washed with water and transferred into a deaerated 0.1 M acetate buffer (pH 4). After accumulation on the electrode surface, preconcentrated copper ions were reduced at -0.4 V. The potential was then scanned in the positive direction by cyclic voltammetry (scan rate, 50 mV s -1 ) or differential pulse voltammetry (pulse amplitude, 50 mV; pulse interval, 1 s; and scan rate, 50 mV s -1 ) between -0.4 and +0.3 V.
Pretreatment of real samples
The procedure of wet ashing of human hair has been described by Taher and co-workers. 14, 15 The hair sample was rinsed with acetone, and 4.20 g of dried sample was accurately weighted and burned in a furnace at 700˚C until a white powder was obtained. The obtained ash was dissolved in a minimum volume of concentrated nitric acid with heating. The solution was boiled to expol brown fumes, cooled and diluted with distilled water to 20 ml in a calibration flask. Then, 0.3 ml of this solution was added to 20 ml of ammonia buffer at pH 8, and the general procedure was used on the resultant solution.
For the analysis of river and tap water, samples were exchanged with distillated water used for the preparation of ammonia buffer (pH 8), and the general procedure was used on these resultant solutions. In all real samples, the standard addition method was applied for the determinations of Cu.
Results and Discussion
Voltammetric behavior of Cu(II) in OPPy/SPADNS films
Since the SPADNS (Fig. 1) was the only anion present in the electropolymerized solution, it was incorporated with the growing cationic PPy film to maintain electroneutrality in the polymer matrix. This PPy/SPADNS film was examined for metal-ion complexing ability by medium-exchange voltammetry. The initial results from experiments on PPy films for trace metal deposition and stripping did not indicate any noticeable current change before or after accumulation in a solution containing metal ions. This is probably due to the inaccessibility of the complexing agent (SPADNS) to the metal ions. Also, the large background currents resulting from the conducting and electroactive PPy that is likely to mask the relatively smaller current that may result from the copper-chelate complex. 10 For these small currents to appear obtained by stripping preconcentrated metal ions, large background currents may decrease. This decrease can be obtained by the overoxidation of PPy films. Figure 2 shows the overoxidation process of PPy film using two cycles in a 0.1 M NaOH solution. In the first scan, two anodic peaks are observed over the whole potential range. The peak at the more positive potential is ascribed to the overoxidation of PPy film. 16 As can be seen in Fig. 2 , no cathodic peak can be observed on the reverse scan, which indicates that the overoxidation process is electrochemically irreversible. A strong decrease in the current in duration second cycle was shown to decrease conductivity of PPy film because of an irreversible electrochemical transformation of the polymer film during the first cycle. This overoxidation is caused by a nucleophilic attack on the pyrrole units by a solvent or OH -, which results in a loss of the conjugated structure of the polymer. 16, 17 To show the effect of decreasing the background current, CVs of PPy film were recorded and compared in acetate buffer (pH 4) before ( Fig. 3a) and after ( Fig. 3b ) the overoxidation process. Results indicate that overoxidation of the PPy film decreased the background current. Although not electrochemically active, the polymer can still allow the complexation of copper, if the SPADNS still exists in the OPPy film. Figure 4b shows typical cyclic voltammograms for the detection of Cu 2+ following open-circuit accumulation onto OPPy/SPADNS film. An anodic peak at +0.08 V and a cathodic peak at -0.27 V can be observed, which are related to the oxidation and reduction of accumulated copper, respectively. To prove further the importance of SPADNS as a chelator reagent in the PPy matrix, overoxidized PPy films doped with Br -and SO4 2-were prepared, and used for the accumulation and stripping of Cu 
Principles of method
From the above observations, under the conditions of the experiments, the possible pathways for the analysis cycle, from modified electrode preparation to electrode regeneration, are postulated below ("aq" or "surf" subscript means compound is in aqueous solution or electrode surface, respectivery).
PPy film preparation from solution containing SPADNS and pyrrole: [8] [9] [10] nPyrrole(aq) + SPADNS(aq) PPy/SPADNS(surf) 
⎯⎯⎯⎯→ pH of the accumulation and stripping medium
The chelating properties of SPADNS with metal cations have been demonstrated to be pH dependent. 25, 26 Therefore, the effect of the pH on the stripping peak current was studied in the range of 6 -10 as shown in Fig. 5 . The stripping peak currents were found to increase as the pH of the accumulation solution (ammonia buffer) was increased. The maximum stripping currents are to be expected at pHs 7 -8.5. A similar behavior for the best pH for complexion between SPADNS and Cu(II) previously reported using a spectrophotometric determination of Cu(II) with SPADNS. 15 pH 8 was applied as the pH of the accumulation medium for copper determination. Also, the effect of the stripping medium on both the voltammogram shape and the stripping current was studied. The best choice for the ability to give the best shape and the highest current was an acetate buffer of pH 4.
Reduction potential and reduction time
The best reduction potential for Cu determination was studied. As can be seen in Fig. 6A , no significant changes in the anodic stripping peak current were observed for more negative reduction potentials of copper than -0.4 V. Also, potentials more negative than -0.7 V led to decreased peak currents. This is mainly due to co-hydrogen evolution at such high potentials. Hence, -0.4 V was employed as an optimum reduction potential for Cu(II) determination.
Also, Fig. 6B shows the effect of the reduction time on the anodic peak current of Cu. The anodic stripping peak currents were found to increase linearly, increasing the reduction time by up to 20 s. After this time, the peak currents remained constant. Therefore, reduction times of 20 s were used for all subsequent measurements.
Concentration of dopant (SPADNS)
Because the accumulation of metal ions at OPPy/SPADNS was based on complex formation with SPADNS, the amount of doped SPADNS in the PPy film was expected to have a significant influence on the voltammetric response. This amount can be controlled by changing the concentration of the SPADNS in the growth solution of the polymer.
The anodic stripping peak currents increased with increasing concentration of SPADNS in the electropolymerization solution up to 5 mM, and after that followed by a gradual decrease. The increase in currents may be related to the increase of the complexing agent (SPADNS) in the electrode surface. The decrease in the current above this 5 mM SPADNS may be explained by a possible decrease in the overall conductivity of the modified electrode. PPy/SPADNS films were prepared from a solution containing 5 mM of SPADNS and 0.1 M of pyrrole.
Preconcentration time
The dependence of the anodic stripping peak current on the preconcentration time for two different Cu(II) concentrations was studied. The peak current was found to increase with increasing preconcentration time, indicating an enhancement of the Cu(II) uptake at the electrode surface. Normally, the increase in the response current continues until the maximum signal level (presumably corresponding to either saturation or an equilibrium surface coverage) is attained. The thus-obtained results indicated that the attainment of a steady state accumulation level of Cu 2+ at the electrode surface requires an exposure time of 7 min for 250 ng ml -1 and 15 min for 5 ng ml -1 Cu 2+ . Hence, a 15-min preconcentration time was employed in all subsequent experiments.
Calibration curve, detection limit and reproducibility
After optimization of all the variables of differential pulse (DP) voltammetry for the determination of Cu(II), the variation in the peak current with the Cu(II) concentration was studied. Some of the resulting DP voltammograms obtained at various Cu(II) concentrations and the corresponding current-concentration plot are shown in Fig. 7 . A linear calibration graph was obtained in the concentration range of 2 -250 ng ml -1 Cu 2+ .
The limit of detection was calculated by making replicate current measurements at 0.01 V for a blank solution. The detection limit based on three-times the mean of these measurements gave a value of 1.1 ng ml -1 Cu 2+ .
For eight successive detections of 5 and 250 ng ml -1 Cu 2+ , the relative standard deviations were 3.1 and 1.9%, respectively.
Selectivity
The ability of SPADNS to complex with metal ions has been reported based on various studies. 24, 27 The stability of these complexes is pH dependent. 24 To check the selectivity of the proposed stripping voltammetric method for Cu(II) ions, various metal ions as potential interferents were tested. The recoveries for the determination of 100 ng ml -1 Cu(II) in the presence of 1000 ng ml -1 for each of the metal cations are given in Table 1 . These data reveal that a range of ions do not seriously interfere in the Cu(II) determination. However, Pb(II), Co(II) and Ni(II) showed relative interference when they were present in the examined solutions. This is due to the ability of SPADNS for complexation with these metal ions. 27 
Analytical applications
The concentration of Cu(II) in sample solutions (human hair, river water and tap water) was determined by the experimental method mentioned above. As presented in Table 2 , the concentration of Cu in human hair sample obtained in the present procedure (12.53 μg g -1 ) is in the same range as the levels of Sabermahani et al. (11. 59 μg g -1 ), 14 Mohadesi et al. (12. 41 μg g -1 ), 15 Ramakrishna et al. (13. 90 μg g -1 ), 28 Bertazzo et al. (14.89 -15 .29 μg g -1 ) 29 and Rao et al. (4.90 -22 .54 μg g -1 ) 30 reported. Also, the results show the presence of Cu(II) in natural water samples. These amounts are around of the median concentration of Cu in natural water samples (4 -10 ng ml -1 ) reported by Environmental Protection Agency. 31 The reliability of the method was also checked by spiking the samples, and the accuracy of the method was examined by recovery experiments. Samples were analyzed using an independent technique (atomic Other conditions are the same as in Fig. 5. (B) (A) absorption spectroscopy, AAS). As presented, the results and recoveries were good.
Regeneration of electrode
The ability of copper ions to form stable complexes with EDTA forms the basis of the regeneration step. 24 Due to the high concentration of EDTA (0.2 M) employed, the copper ions bound to the electrode surface dissolved in solution as EDTACu 2+ chelates, which are presumably more stable than SPADNS-Cu 2+ chelates. The idea here is to reuse the same OPPy/SPADNS electrode for several experiments.
The results show that a used electrode can be completely regenerated after at least 1.5 min in EDTA solution (see curves b -e, respectively in Fig. 8 ). There is no significant difference in the response of a regenerated electrode compared to a new one (compare voltammograms b and f in Fig. 8 ).
Conclusions
We have demonstrated that OPPy film doped with SPADNS can be used for the stripping voltammetry of Cu(II). Overoxidation of PPy film improves the ability of doped SPADNS to extract copper ions into the OPPy film. The analyte ions may be preconcentrated by a chemical interaction with the electrode at the open-circuit potential. This method showed a high selectivity, because of the complexation and the exchange of the medium. The calibration graph of Cu(II) was shown to ideally be a linear relationship over 2 -250 ng ml -1 , with a slope factor of 0.021 μA (ng ml -1 ) -1 and a correlation factor of 0.99.
The OPPy/SPADNS-modified electrode prepared in this study could be used for the determination of Cu(II) in human hair and natural water samples with good results. We also compared the obtained results in this project with previous reported studies in the same manner. As can be seen from Table 3 , this present work had a good detection limit. This can be due to an overoxidation process polypyrrole network and a decrease of the background currents. 7 This work also shows a lower reproducibility and a wider linear range compared to other studies. . All other conditions were the same as in Fig. 5 .
